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The concept of sustainability has progressively gained relevance in modern agricul-
ture and poses one its most fundamental challenges. There are multiple approaches 
possible towards an ecologically, economically and socially sustainable agriculture. 
Among the objectives outlined in the Sustainable Development Goals by the United 
Nations are the restoration of biodiversity and promotion of sustainable production 
patterns (United Nations 2015). Facilitating changes towards a more ecologically 
beneficial production and reducing negative environmental externalities are there-
fore at the forefront of the objectives the agricultural sector is striving towards (Mel-
chior and Newig 2021). One approach to preserve and restore biodiversity within 
farming systems and contribute to a sustainable intensification is the diversification 
of cropping systems. Cropping systems can either be diversified over time by ex-
tending crop rotations or at the same time by applying mixed cropping. 
Mixed cropping, or intercropping, is the simultaneous cultivation of two or more 
coexisting crops on the same area of land (Andrews and Kassam 1976). With respect 
to the arable production four main types of mixed cropping systems can be distin-
guished, in a descending order of contact between the cultivated species. The first 
type is the cultivation of mixed intercrops. In this form of cropping system, there is 
no specific arrangement of the plants involved within the mixed stand (Ofori and 
Stern 1987). This type of mixed cropping is relatively common for mixtures of catch 
crops or mixtures in green fodder production which are already common in the Eu-
ropean agricultural sector (e.g., Bedoussac et al. 2015). Prominent examples are flow-
ering strips or Landsberger mixtures (Hof and Rauber 2003). Sowing in alternating 
rows is another way to create a mixed stand (row intercropping). With this form of 
cultivation at least one species is sown in a row (Ofori and Stern 1987). Another form 
of mixed cropping is strip intercropping. The strip width can thereby be adapted to 
the working widths of machines which are available on the farm. However, the in-
teractions between the two species are limited to the outer rows of the strips and 
thus complementary effects are correspondingly limited. The fourth type is relay 
intercropping, where the mixed stand exists only during a defined period of time in 




be main crops with under sown grass or clover (Hof and Rauber 2003; Lithourgidis 
et al. 2011; Ofori and Stern 1987).   
Mixed cropping with legumes and non-legumes in particular provides a number of 
benefits through the application of basic ecological concepts and the legumes unique 
ability to symbiotically fixate atmospheric nitrogen (N) through associated bacteria 
in their root system. In addition to increasing biodiversity, mixed cropping, com-
pared to sole cropping, promises an improved yield stability while reducing inputs 
of fertilizers and pesticides under low input conditions (Gaba et al. 2015; 
Hauggaard-Nielsen et al. 2008; Raseduzzaman and Jensen 2017). Mixed cropping 
can also help increase soil fertility, suppress weeds, and make better use of available 
resources, such as nutrients, water, and light (Chen et al. 2018; Jensen et al. 2020; 
Rodriguez et al. 2020; Wezel et al. 2014). These advantages of mixed stands only 
occur when the combined plant species use the available resources in a complemen-
tary manner and competitive effects do not dominate. The complementary use of 
nutrients of two or more species in mixed stands can partially be explained by dif-
ferences in the temporal nutrient uptake and rooting characteristics of the involved 
species (Bedoussac and Justes 2010; Ergon et al. 2016).  
However, this complementary, rather than competitive, use of growth factors only 
occurs if the species involved in mixed cropping have spatially and temporally dif-
ferent demands on their environment. To enable a better understanding of these so-
called “mixing effects”, the concept of competition must be further differentiated. 
The intraspecific competition describes the competition between plants of the same 
species for the available resources, whereas the interspecific competition describes 
the competition between plants of different species (Hof and Rauber 2003; 
Vandermeer 1992). For example, in a mixed stand with legumes and non-legumes, 
both the intraspecific competition among non-legumes and interspecific competi-
tion between legumes and non-legumes for the uptake of nitrogen is reduced (Jensen 
et al. 2020). This is inter alia based on the fact that, compared to pure stands, fewer 
non-legumes in a mixed stand compete with each other for the available soil N, since 
a proportion of the plant population in the mixed stand has been replaced by the 
legumes. In addition, the interspecific competition for N is reduced in these mixed 
stands because the legumes meet most of their N needs through symbiotically fix-
ated atmospheric N. Thus, they make more soil N available to the non-legumes in 




availability of overall soil N, which in turn again facilitates the atmospheric N fixa-
tion by the legumes in the mixed stand (Hauggaard-Nielsen et al. 2003; Siebrecht-
Schöll 2019). From this example, it is clear that interspecific competition and mutual 
facilitation are two simultaneous effects of the same interaction that can be observed 
in mixed cropping (Zhang and Li 2003). Overarching, these different effects are re-
ferred to as the “mixing effect”. If this mixing effect is positive, a yield advantage of 
the mixed stand over the pure stand can be observed (also referred to as “overyield-
ing”). The strength of these interaction effects between the involved plant species in 
the mixed stand is very closely related to its cultivation form or system. The more 
contact between the plant species, the greater both the competitive and complemen-
tary effects turn out to be (Hof and Rauber 2003).  
The concept of mixing crop species is by no means new. The origins of crop mixtures 
can be traced back several thousand years ago to the domestication of arable crops 
in Mesoamerica. Among the most prominent examples of crop mixtures that were 
applied by the indigenous peoples are combinations of maize, bean, and pumpkin 
(Postma and Lynch 2012). In the global south, where smallholder farming is domi-
nant and the availability of external inputs restricted, biodiversity based farming 
systems are still regularly applied (Labeyrie et al. 2021). In contrast, in the European 
Union (EU) the industrialization of agriculture caused a decline in the application of 
biodiversity based systems and mixed cropping practices over the past decades. The 
availability of mineral N fertilizers has also led to an overall decline in the cultivation 
of legumes, which has contributed to the biodiversity loss within agricultural pro-
duction patterns (Mamine and Farès 2020; Meynard et al. 2018; Zander et al. 2016). 
Crop rotations are largely dominated by cereals nowadays: Around 121 Mio hectare 
(ha) of cereals were cultivated within the EU, whereas the cultivation of grain leg-
umes only amounted to about 5 Mio ha in 2019 (FAOSTAT 2020). The crop produc-
tion in Germany shows a similar structure with a high share of cereals and winter 
wheat being the most dominantly cultivated cereal by far (DESTATIS 2019). This has 
led to Germany being the second largest producer of wheat within the EU (EURO-
STAT 2020a) but it has also contributed to Germany being the second largest con-
sumer of mineral N fertilizers (EUROSTAT 2020b). Legumes have therefore gained 
increasing attention, both from politics and society. 2016 was declared as the inter-
national “year of pulses” by the UN. The market for legumes changes as new prod-




is already established as a protein rich alternative for wheat pasta, and regularly 
available in German supermarkets. The EU’s Common Agricultural Policy (CAP) 
currently includes the cultivation of legumes as part of the greening restrictions, in 
order to encourage adoption by farmers. With the latest adaptations of the re-
strictions for Ecological Focus Areas (EFA) in 2018, Germany has now also included 
mixed stands with grain legumes and cereals into the regulations on the national 
level.  
From todays’ perspective, mixed cropping with legumes and cereals is an “innova-
tive” possibility to increase the biodiversity within arable fields and (re)introduce 
more legumes into crop rotations. Combining cereals and legumes in mixed stands 
can in particular reduce the need for mineral N fertilizers which in turn decreases 
negative environmental effects, like greenhouse gas emissions that arise from the 
production of mineral fertilizers (Gellings and Parmenter 2016; Peoples et al. 2009). 
Mixed stands with cereals are also advantageous over pure legume stands, as nitrate 
leaching is decreased due to the uptake of N by the cereal (Jensen et al. 2020). How-
ever, the developments in the European agricultural sector over the past decades 
have led to a technological lock-in around the dominant cereal crops (Meynard et al. 
2018). Introducing legumes into the production, as a sole crop but even more so in 
mixed stands, therefore poses many challenges for farmers and the need for research 
along different steps in the value chain has been emphasized multiple times (Jensen 
et al. 2020; Lemken et al. 2017; Mawois et al. 2019; Zimmer et al. 2016).  For mixed 
cropping with grain legumes and cereals, as the combination of two main crops, 
several challenges have been highlighted. Starting with plant breeding, which has 
optimized and selected varieties in accordance with their performance in pure 
stands (Siebrecht-Schöll 2019), over technical challenges in sowing and harvest 
(Lemken et al. 2017), up to the processing of mixed yields which increases produc-
tion costs (Mamine and Farès 2020). From the farmers perspective mixed cropping 
with main crops is consequently associated with a higher risk, not at least due to the 
fact that extensive operational knowledge for mixed stands is not readily available 
(Bedoussac et al. 2015). In addition, there is a persistent lack of research about the 
economic efficiency of mixed cropping with grain legumes and cereals (Lemken et 
al. 2017; Rosa-Schleich et al. 2019).  
In consideration of the potential mixed cropping with grain legumes and cereals of-




cumulative thesis address the topic of mixed cropping with cereals and grain leg-
umes as main crops. These studies have been conducted as part of the multidiscipli-
nary collaborative project IMPAC³ (Novel genotypes for mixed cropping allow for IM-
Proved sustainable land use ACross arable land, grassland and woodland).   
The first paper of this thesis titled “Understanding German Farmer’s Intention to Adopt 
Mixed Cropping using the Theory of Planned Behavior” (published in Agronomy for Sus-
tainable Development) aims to provide a profound understanding of psychological 
factors underlying famers behavior with respect to the adoption of mixed cropping 
(Chapter 2). It has been argued that the adoption of agri-environmental related 
measures and conservation practices is not solely dependent on financial motives 
(Lokhorst et al. 2011; Mills et al. 2017) and that behavioral insights are of particular 
relevance to help guide the development of voluntary agri-environmental policies 
(Dessart et al. 2019). Therefore, the paper utilizes a theory based in socio-psycholog-
ical research that has already been applied in the context of different agri-environ-
mental related measures (Greiner 2015; van Dijk et al. 2016). The Theory of Planned 
Behavior (TPB) which was developed by Ajzen (1985, 1991) postulates that human 
behavior is mainly driven by three central psychological constructs: The “Attitude 
towards the Behavior”, the “Subjective Norm”, and the “Perceived Behavioral Con-
trol”. These constructs influence an individuals’ “Intention to Perform a Behavior”, 
which in turn is strong predictor for the actual “Behavior”.   
With respect to the adoption of mixed cropping with main crops in Germany, and 
the EU, there has only been one previous study by Lemken et al. (2017). The authors 
provided insights into the characteristics of early adopters of mixed cropping and 
found the farmers’ attitude and technical barriers to statistically significantly influ-
ence the adoption decision. Following up on that and considering the challenges a 
farmer faces when introducing mixed cropping, understanding the decision-making 
process of farmers is paramount to facilitate the adoption of mixed cropping. There-
fore, the objectives of this paper can be summarized as follows:  
(1) Which and how do underlying psychological factors influence farmers’ inten-
tion to adopt mixed cropping utilizing an extended TPB model? 
(2) What adoption obstacles are perceived as most important by the farmers? 
The paper utilizes an extended version of the TPB, using a sample of 172 German 




“Injunctive Group Norm“, and “Perceived Ecological Benefits”. The first part of 
model, up to the “Intention”, was estimated with a Partial Least Squares Structural 
Equation Model (PLS-SEM) (Hair et al. 2017). The actual adoption decision, which 
is the “Behavior” in this application, was estimated with a logit model due to the 
binary data structure of the dependent variable. To answer the second research 
question, a ranking of the famers’ responses about the obstacles they perceive as 
most important for the practical implementation of mixed cropping is provided. 
This ranking from the farmers’ point of view offers additional insights, as these ob-
stacles will need to be addressed by researchers in order to enhance the adoption.  
Chapter 3 addresses the profitability of mixed cropping on a farm level basis. The 
Paper “The Profitability of Mixed Cropping with Winter Faba Bean and Winter Wheat” 
(published in: Berichte über Landwirtschaft –Zeitschrift für Landwirtschaft und Agrar-
politik)1 contributes to the limited literature about the economics of mixed cropping. 
The lack of research with respect to the profitability of different crop mixtures has 
been highlighted in the scientific literature  (Rosa-Schleich et al. 2019) and was also 
ranked among the top obstacles from the German farmers’ point of view (Chapter 
2). In contrast to the pure stands, mixed stands with grain legumes and cereals are 
not included in any official statistics. Results with respect to the yields of mixed 
stands are mostly based on scientific field trials as there is no widespread practical 
application in the EU. Therefore, the following research questions are addressed:  
(1) How profitable is the mixed cropping of winter wheat and winter faba bean ap-
plied in the IMPAC³ field experiments? 
(2) How profitable would mixed cropping with winter wheat and winter faba bean 
have to be in order to be integrated into an economically optimized production 
program? 
Based on the yield data from the IMPAC³ field experiments conducted at two differ-
ent locations in Göttingen and over three years (2015-2017), a total of 960 individual 
gross margins were calculated for eight winter faba bean genotypes and three winter 
wheat varieties in mixed and pure stands. To evaluate the so called “mixing effect” 
the relative gross margins of mixtures were calculated. A whole-farm model that 
                                                 
1 The paper has been published bilangually, the German version:“„Ich säe was, was Du nicht säst”- Die Wirt-




included the mixed cropping with winter faba bean and winter wheat as a produc-
tion alternative was developed and optimized using a linear programming ap-
proach. Applying a sensitivity analysis to the model enabled the identification criti-
cal values for the gross margin of the mixed stand with winter faba bean and winter 
wheat that have to be reached, in order for the mixed stand to be included into the 
economically optimized production program. The paper is the first that uses a 
whole-farm model in the context of mixed cropping and can therefore give valuable 
implications for policy makers about the extent that financial incentives might be 
needed to facilitate the adoption of mixed cropping in Germany. 
Linking to the content of Chapter 3, the paper titled “Will Farmers Accept Lower Gross 
Margins for the Sustainable Cultivation Method of Mixed Cropping? First Insights from 
Germany” (published in Sustainability) presented in Chapter 4 focuses on the farm-
ers’ view on the profitability of mixed cropping. There is consensus in the literature 
that adoption of mixed cropping across Europe could be facilitated by the imple-
mentation of an environmental scheme (Bedoussac et al. 2015; Mamine and Farès 
2020). The evaluation of farmers’ willingness to accept (WTA) profitability changes 
is a step towards assessing the extent to which financial incentives are necessary. 
Especially considering the many associated challenges that have been identified, like 
technical barriers and difficulties in crop protection (Jensen et al. 2020; Mamine and 
Farès 2020), the adoption of mixed cropping is also associated with a higher risk 
from the farmers’ perspective. Several studies have shown that farmers are hetero-
geneous with respect to their WTA payments for ecosystem services and that farm-
ers are not behaving in a strictly profit maximizing way (Buckley et al. 2012; Choui-
nard et al. 2008; Da Motta and Ortiz 2018; Marr and Howley 2019). If the objective is 
to establish mixed cropping as a cultivation method within the production portfolio 
of farms in the long-run, it is hence also essential to get an understanding whether 
farmers evaluation of the profitability levels mixed cropping needs to reach are het-
erogeneous. Therefore, the research questions addressed in this chapter are:  
(1) Are farmers willing to forgo profits for the cultivation method of mixed       
cropping? 
(2) Do farmers’ risk attitude and their perception of risks associated with mixed 




Based on a sample of 134 German farmers who are non-adopters of mixed cropping, 
this paper utilizes a stated preference approach to assess the farmers WTA gross 
margin reductions. Choosing the gross margin of the cereal as the benchmark, the 
non-adopters could be classified into three distinct groups: Farmers not willing to 
accept an equal gross margin, Farmers willing to accept an equal gross margin, and 
farmers willing to accept a gross margin reduction in the mixed stand compared to 
the pure cereal stand. An ordered logit model was estimated to analyze the influence 
of the farmers risk attitude, based on the scale developed by Dohmen et al. (2011), 
their perception of risk associated with mixed cropping, sociodemographic, and 
farm related variables on the WTA.       
Chapter 5 contains the last paper included in this cumulative thesis, which repre-
sents a partial content excursion. While Chapters 2 to 4 focus on mixed cropping 
with main crops, as a specific cultivation method within the agricultural crop pro-
duction, Chapter 5 takes broader perspective on crop production. The paper “Un-
derstanding the Adoption of Smartphone Apps in Crops Protection” (published in Preci-
sion Agriculture) focuses on farmers’ intention to and use of smartphone apps as a 
decision support tool (DST) for crop protection.  
To reduce negative externalities through chemical crop protection, the EU has im-
plemented regulations for integrated pest management (European Union 2009). Fac-
ing increasingly stricter legal regulations, crop protection becomes ever more chal-
lenging for farmers as the management requirements increase. New technologies, 
like smartphones, can simplify the provision of and access to information as they 
enable knowledge transfer in the form of practical recommendations to the farmers. 
These so called DST can for instance be used to identify plant diseases (Hallau et al. 
2018), to simulate the disease development (Damos 2015), and to optimize pesticide 
applications (Nansen et al. 2015). Smartphone based apps have emerged as the most 
recent category of these DST and can be viewed as a part of precision agriculture 
technologies. The inherent possibility to use smartphones mobile, even in the field, 
makes them of particular interest for the agricultural sector as they fit well within 
the work routine of farmers and do not require large investments. The computa-
tional power of smartphones has massively increased recently and the build-in sen-
sors offer numerous functions that can also be used for DST with respect to crop 




to reducing negative environmental effects and supporting integrated pest manage-
ment decisions by farmers. However, the adoption of smartphone apps for agricul-
tural production lags behind its expected uptake (Hoffmann et al. 2014).  
To gain a deeper understanding of the farmers’ adoption and usage decision related 
to crop protection apps, the presented paper applies the Unified Theory of Ac-
ceptance and Use of Technology (UTAUT) which was introduced by Venkatesh et 
al. (2003). The UTAUT combines aspects of eight different theories, inter alia the TPB 
(Ajzen 1985) and the Technology Acceptance Model (TAM) (Davis 1989). The theory 
postulates that the “Behavioral Intention to Use” is driven by the “Performance Ex-
pectancy”, the “Effort Expectancy”, the “Social Influence”, and the “Facilitating 
Conditions”, which in turn influences the “Behavior”. Poor on-farm performance 
and a mismatch between the expectations of developers and farmers, as the end us-
ers, have been named as reasons the implementation of these DST has been low 
(Lindblom et al. 2017; Rose et al. 2016). It has been repeatedly emphasized in the 
literature that the targeted end-users, i.e., the farmers, should be involved in the de-
velopment process, to make sure that these tools meet their demands and will con-
sequently be used (Inwood and Dale 2019; Rose et al. 2016; Rose et al. 2018). Bonke 
et al. (2018) have shown that a majority of German farmers are generally willing to 
pay for crop protection apps and which types of apps they perceive as useful. They 
did however not analyze the adoption decision itself. The presented paper therefore 
adds to the literature by answering the following research questions: 
(1) Which underlying psychological factors influence farmers’ intention to use crop 
protection apps using the UTAUT?  
(2) What types of crop protection app functions do famers view as useful and which 
do they actually use? 
Based on a sample of 207 German farmers, this paper applies the UTAUT to the 
adoption of crop protection apps. The econometric estimations consist of a PLS-SEM 
(Hair et al. 2017) and a logit model. With respect to the second research question, the 
paper contrasts which individual crop protection app features farmers perceive as 
useful and which they actually use. This comparison allows for a direct detection of 
areas, in which there is mismatch between the end users demands and what the 




In the following chapters, the four papers are presented subsequently. The first three 
papers answer the outlined research questions about the behavioral and economic 
aspects associated with the adoption of mixed cropping with main crops. The last 
paper addresses the research questions related to the use of crop protection apps. In 
Chapter 6 the results of the individual papers are summarized and their policy im-
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Vanessa Bonke and Oliver Musshoff 
 




The diversification of cropping systems has the potential to contribute towards a sustainable 
land use while preserving biodiversity. Mixed cropping is one possibility to increase biodi-
versity within farming systems. However, adoption of mixed cropping systems is challeng-
ing for farmers, as the agricultural sector has evolved around pure stands over the past dec-
ades and path dependencies have emerged. Yet, little is known about farmers’ motivation 
to adopt mixed cropping. Utilizing the Theory of Planned Behavior as the main framework, 
this paper studies the psychological factors underlying farmers’ intention to adopt mixed 
cropping based on an online survey with 172 German farmers. In addition, the most crucial 
adoption obstacles are assessed. Using partial least squares structural equation modeling, 
we show for the first time that attitude, perceived behavioral control and injunctive as well 
as descriptive group norms explain over 52% of farmers’ intention to adopt mixed cropping. 
Our results also demonstrate that perceived ecological benefits positively influence a 
farmer’s attitude towards mixed cropping. Missing sales opportunities for mixed yields, the 
uneven maturing of crops and deficient economic benefits are ranked as the most crucial 
obstacles for the implementation of mixed cropping. These results, which can be relevant 
for other European countries as well, indicate that the introduction of a voluntary agri-en-
vironmental scheme could encourage adoption and that considering positive effects of 
group norms within policy schemes could further increase adoption on a large scale. 
Keywords: mixed cropping adoption, Theory of Planned Behavior, partial least squares 
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Abstract 
One possibility to increase the biodiversity in German agriculture is mixed cropping. The 
simultaneous cultivation of legumes and non-legumes can inter alia help to save synthetic 
nitrogen fertilizers. However, this form of cultivation is currently not widespread in Ger-
many and the availability of information is low from a practical point of view. In particular, 
only very limited information about the economic efficiency of different mixed cropping 
combinations is available. Against this background, this paper evaluates the profitability of 
mixed stands using the example of winter faba bean and winter wheat based on the results 
of a field trial. The results indicate that mixed cropping with winter faba bean and winter 
wheat in the implemented form is currently not economically competitive in conventional 
German agriculture. However, mixed cropping in the present form seems to be suitable es-
pecially for sites with poorer site characteristics. The results of the sensitivity analysis of a 
whole-farm optimization model show that the gross margins of the mixed stands would 
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Sustainable Cultivation Method of Mixed Cropping?  
First Insights from Germany 
Vanessa Bonke, Marius Michels and Oliver Musshoff 
 




A decline in the legume cultivation has contributed to the biodiversity loss within the agri-
cultural production across Europe. One possibility to include legumes into the production 
and promote sustainability is mixed cropping with legumes and non-legumes. However, 
the adoption of mixed cropping is challenging for farmers and information about the prof-
itability is scarce. If mixed cropping should become a widely established production 
method, it is essential to gain an understanding of famers’ evaluation of the profitability 
mixed cropping needs to reach. Therefore, this article provides first empirical insights into 
farmers stated willingness to accept gross margin changes compared to current production 
possibilities. Based on a survey with results from 134 German non-adopters conducted in 
2018 we can distinguish conventional farmers with a positive, neutral and negative willing-
ness to accept reductions in gross margins as the trade-off for ecological benefits. Using an 
ordered logistic model, we find that risk attitude, risk perception, the number of measures 
performed for ecological focus areas, the farmer’s age and being located in the south of Ger-
many influence their willingness to accept gross margin changes compared to currently pro-
duced cereals. 
Keywords: willingness to accept, gross margin, mixed cropping, ordered logit regression 
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There is a steady increase in smartphone apps available to improve farmers’ decision mak-
ing with respect to crop protection. While current studies have focused on smartphone 
adoption in general and farmers’ general willingness to pay for crop protection smartphone 
apps, none have focused on the initial adoption decision. Furthermore, it has not been stud-
ied yet which app functions are perceived as useful and which are actually used by farmers. 
Based on an online survey conducted in 2019 with 207 German farmers, this study investi-
gated latent factors affecting farmers’ adoption decision for crop protection smartphone 
apps based on the Unified Theory of Acceptance and Use of Technology (UTAUT) frame-
work applying partial least squares equation modeling and a binary logit model. Descrip-
tive results show that 95 % of the surveyed farmers use a smartphone, but only 71 % use a 
crop protection smartphone app. Apps providing information about weather, pest scouting 
and infestations forecasts are perceived as most useful by the majority of farmers. However, 
reported use fell short of reported usefulness. With respect to the model for the UTAUT, 73 
% of the variation in the behavioral intention to use a crop protection smartphone app and 
50 % of the variation in the actual adoption is explained by the model. The results are of 
interest for policy makers in the field of digitization in agriculture as well as providers and 
developers of crop protection smartphone apps since the results could be used for further 
development of apps and policies regarding digitization.  
Keywords: crop protection, digitization, smartphone, smartphone apps, Unified Theory of 
Acceptance and Use of Technology  
  




6. Summary and Conclusion  
The first three papers of this thesis study the behavioral and economic aspects asso-
ciated with farmers’ adoption of mixed cropping with legumes and non-legumes. 
The first paper focuses on the psychological factors influencing the acceptance of 
mixed cropping by farmers and on assessing the adoption obstacles based on survey 
data. The second paper uses yield data from field experiments to evaluate the prof-
itability of mixed cropping on the farm level. The third paper addresses the farmers’ 
willingness to accept profitability changes for the implementation of mixed crop-
ping. As an excursus, the last paper studies the use of smartphone crop protection 
apps. In the following, the results and conclusions are summarized for the individ-
ual papers consecutively. Additionally, political implications are provided and po-
tential starting points for future research are given.  
The first paper presented in Chapter 2 had two main objectives: studying the psy-
chological factors underlying the farmers’ behavior and assessing obstacles to the 
adoption of mixed cropping from a practical point of view. To analyze the behav-
ioral drivers of farmers’ intention to adopt mixed cropping based on a sample of 172 
German farmers, an extended version of the Theory of Planned Behavior (TPB) 
(Ajzen 1985) was used. The constructs “Injunctive Group Norm” and “Descriptive 
Group Norm” which originate in social identity theory were added, as well as a 
construct for the “Perceived Ecological Benefits”. The results of the Partial Least 
Squares Structural Equation Model show that the applied theory explains over 52% 
of the farmer’s intention to adopt mixed cropping. Among the psychological factors 
included, the “Attitude towards mixed cropping” has the strongest effect on the “In-
tention”, which in turn is a strong indicator for the actual adoption as the estimated 
logit models show. Within the sample, 13% of farmers have already adopted mixed 
cropping with main crops. In contrast to the original TPB, the model shows a 
slightly, statistically non-significant, negative effect of “Subjective Norm”, which 
was conceptualized as social pressure from politics and society. Whereas, the social 
group norms statistically significantly positively influence farmer’s intention to 
adopt mixed cropping. These results jointly suggest that the farmers’ willingness to 
adopt is a strong predictor for the actual adoption decision and that one lever to 
increase their willingness is to utilize positive effects of social group norms. This also 
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emphasizes the relevance of including farmers as early as possible into current re-
search efforts, in order to encourage early adoption and the associated increased 
awareness of mixed cropping among farmers. Promoting an improved knowledge 
transfer between scientists and practitioners as well as between early adopters and 
non-adopters of mixed cropping can enhance the adoption process. The results fur-
ther imply that it would be beneficial to include mixed cropping into voluntary agri-
environmental schemes on national levels to encourage adoption, but implementing 
mandatory restrictions could also have the opposite effect and result in reactance 
(Miron and Brehm 2006). Utilizing the positive effects of group norms within a pol-
icy scheme could further enhance adoption. For the “Perceived Ecological Benefits”, 
the results indicate that only the indirect effect via the “Attitude” towards “Inten-
tion” is statistically significant, but not the direct effect of “Perceived Ecological Ben-
efits” on “Intention”. This suggests an indirect-only mediation (Hair et al. 2017; Zhao 
et al. 2010), i.e. “Ecological Benefits” lead to a higher “Attitude” which in turn leads 
to a higher “Intention”. It implies that farmers do value more sustainable practices 
and that practice characteristics are relevant in the decision making process of farm-
ers, but only indirect. Overall, the results of the TPB emphasize the pertinence of 
psychological factors for the intention to adopt mixed cropping, indicating that the 
adoption of this sustainable practice is not solely dependent on economic reasoning 
and that the willingness to adopt is especially relevant for this case.  
Nevertheless, as the assessed obstacles indicate, insufficient economic benefits are a 
major barrier that hinders widespread adoption by German farmers, which supports 
the relevance of an agri-environmental scheme to increase adoption of mixed crop-
ping. Missing sales opportunities for mixed yields were ranked as the most im-
portant obstacles both from adopters and non-adopters. Processing firms are cur-
rently not adapted to the separation of mixed yields; the separation is an additional 
processing step which is also associated with higher costs. If farmers cannot easily 
market the yields, transaction costs will be higher compared to their pure stand 
yields or the farmers are faced with an additional workload by separating the yield 
themselves. With respect to the marketing of the legumes from a mixed stand for 
human consumption another issue can arise, if it is not possible to completely sepa-
rate the cereal in the processing steps. For instance, consumers might choose a leg-
ume based pasta due to food intolerances such as gluten intolerance. If the legume 
based pasta contains traces of wheat, due to the cultivation as a mixed stand, the 
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pasta would not be suited for consumers with food intolerances which would reduce 
the number of customers and thus the potential market share for the processing 
firms. The uneven maturing of crops is also among the top obstacles from the farm-
ers’ point of view. This emphasizes the need for the breeding of varieties that are 
adapted to mixed cropping cultivation. Or, in cases where suitable varieties exist, a 
better communication between plant breeders, advisers, and farmers. Difficulties in 
crop protection and technical barriers are also among the high ranking obstacles. 
Here the ongoing progress in precision agriculture technologies might reduce the 
barriers. For instance, the problem with chemical crop protection in mixed stands is 
that an application that is beneficial for the one species can be damaging for the other 
species in the mixed stand. At the present time, there are also no chemical crop pro-
tection products for mixed stands approved in Germany for the post-emergence 
state. Progress in the site- and potentially plant-specific application of crop protec-
tion products within the arable fields through precision technologies, could solve 
this issue. Currently however, the non-applicability of chemical crop protection 
products increases the cultivation risk. Noticeably, among the adopters of mixed 
cropping the insufficient knowledge about cultivation and missing advice by ex-
perts is ranked comparatively high, whereas these are not among the top obstacles 
for the non-adopters. This might be due to the fact some challenges become even 
more apparent after adoption took place and the farmers have already invested 
more time in gathering information about mixed cropping. The results show which 
challenges along the value chain, from plant breeding to the processing firms, are 
perceived as most crucial by farmers in Germany with respect to mixed cropping 
and therefore should be addressed as such.  
Against the background that there is only limited scientific and practical literature 
on the profitability of mixed stands, the second paper included in this thesis (Chap-
ter 3/Appendix) focuses on the economic evaluation of mixed cropping on a farm-
level basis. Using yield results from the scientific field experiments conducted 
within the IMPAC³ project in Göttingen, gross margins and the relative gross mar-
gins of mixtures were calculated for the production of the mixed stands with winter 
faba bean and winter wheat. Comparing the gross margins of the mixed stand with 
their corresponding pure stands individually shows that for the high yielding site 
Reinshof, the unfertilized pure stand of a winter wheat has the highest gross margin 
in two out of three years among all combinations. The overyielding of the mixed 
Summary and Conclusion 
24 
 
stand (Siebrecht-Schöll 2019) due to its complementary use of growth factors and 
the fixated atmospheric nitrogen cannot compensate for the higher costs associated 
with the mixed stands, mainly caused by the separation of the mixed yield (approx-
imated with 1.43 €/dt). And that even though higher prices for the wheat in the 
mixed stand are used, based on the higher availability of nitrogen in the mixed stand 
which is supposed to increase to protein content and thus quality. The results for the 
marginal yielding site Deppoldshausen differ from that. For this location, a mixed 
stand has the highest gross margin in two out of three years. This can also be seen 
with the so called “relative gross margins of the mixtures”. The index “relative gross 
margin of mixtures” can lead to confusion among economists, as the “normal” gross 
margins are already used to evaluate the relative competitiveness of a production 
method in agricultural business economics. The application of this relative gross 
margin of mixtures is restricted to mixed cropping and originates from different in-
dices used in the crop science literature, like the Land Equivalent Ratio or the Rela-
tive Yield Total (Hof and Rauber 2003). The aim of these indices is to evaluate the 
“mixing effect” that supposedly leads to overyielding in the mixed stand. They 
therefore put the mixed stand in proportion to its two corresponding pure stands 
simultaneously. The relative gross margin of mixture hence answers the question 
whether cultivating 1 ha of the mixed stand is economically advantageous over cul-
tivating 0.5 ha of each of the two pure stands. For a farmer this index is only relevant 
when he or she cultivates both the legume and the non-legume already. Since these 
comparisons are mostly related to the unfertilized pure stands, as it is the case in the 
present paper, from a practical point of view the relevance of these results is limited. 
Without any political restrictions or financial incentives in place, the relevant bench-
mark for farmers are the yields and gross margins of the pure stands produced un-
der practical conditions which usually implies nitrogen fertilizers are applied in ce-
real crops, either synthetic or organic.  
The implemented whole-farm model which was optimized using a linear program-
ming approach, therefore delivers additional implications which reach beyond the 
calculated gross margins based on the field experiments. On the one hand, interde-
pendencies that arise from the competition of different production methods about 
fixed production factors within a farm could be considered. On the other hand, a 
sensitivity analysis of the model with respect to changes in the gross margins of the 
mixed stand allowed the derivation of critical values that lead to an inclusion of the 
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mixed stand in the optimized production program in the sense of a “what-would-
be-if”-analysis. The results of the first scenario, considering the politically imple-
mented greening restrictions valid in 2016, show that the gross margin of the mixed 
stand of winter faba bean and winter wheat would need to be about 25% higher than 
that of the pure winter wheat (727 €/ha vs. 583 €/ha) to be cultivated on 16% of the 
farms arable land. The second scenario considers the changes that have been made 
to the restrictions for Ecological Focus Areas (EFA) in 2018, in particular it was as-
sumed that the mixed stand can contribute in fulfilling this restriction with a 
weighting factor of 1. In this scenario, about 1% of the arable land would be culti-
vated with the mixed stand if the gross margin would reach 474 €/ha, a further in-
crease in the cultivated area would however still only happen if the gross margins 
of the mixed stand raises considerably over that of the pure winter wheat. On the 
one hand, this is due to the fact that the mixed stand directly competes with the pure 
winter wheat stand in the crop rotation restrictions. On the other hand, it is also 
because the working hours in the mixed stand are higher caused by the assumption 
that the separation of the mixed yield is done by the farmers. The results emphasize 
that mixed cropping under the considered conditions is not profitable enough to be 
included in an economically optimized conventional German farm. 
The whole-farm model implemented in paper two implicitly assumes that farmers 
are strictly focused on profit maximization. While it is evident that the generation of 
profits is and needs to be one of the objectives of farmers, the farmers’ utility is not 
solely dependent on profits. This is where the third paper in this dissertation (Chap-
ter 4) approaches the topic of mixed cropping. The paper addresses the question 
whether farmers are willing to accept (WTA) lower gross margins for the cultivation 
of mixed cropping. A stated preference approach conceptualized to study if farmers 
are WTA gross margin reductions as the trade-off for ecological benefits was used 
to deliver first insights in this area of research. The study used a sample of 134 Ger-
man non-adopters of mixed cropping, as these are of particular interest for policy 
makers and researchers. The applied three step questioning approach allowed the 
differentiation of three groups of farmers that are heterogeneous in their WTA gross 
margin reductions for the adoption of mixed cropping, namely those with a “nega-
tive”, a “neutral” and a “positive” WTA. For the group of farmers with a positive 
WTA gross margin reductions for the adoption of mixed cropping, which made up 
about half of the sample (54%), it was also asked how much of the gross margin they 
Summary and Conclusion 
26 
 
would be maximally willing to forgo for mixed cropping compared to the stated 
reference point of the cereal gross margin. The mean response of the N=72 non-
adopters who answered this question was 13%, the median 10%.  
The adoption of mixed cropping is also associated with changes in the farmers’ in-
come risk, implying that the trade-off between profits and risk is of relevance. How 
this trade-off is evaluated is partially dependent on the subjective risk attitude of the 
farmers. While the WTA evaluation based on the gross margins could not implicitly 
account for changes in the income risk, the effect of the farmers’ risk attitude and 
their perception of the risk associated with the cultivation of mixed stands on the 
WTA gross margin reductions were analyzed. To analyze group differences with 
respect to the risk attitude and risk perception, an ordered logistic regression was 
applied. The model further included as set of objectively measurable farm and farm 
related variables, allowing for an easy distinction of potential target groups for agri-
environmental schemes. The results show that the farmers’ risk attitude, their per-
ception of risks associated with mixed cropping, the number of measures performed 
for Ecological Focus Areas, the farmer’s age and being located in the south of Ger-
many statistically significantly influence their WTA gross margin changes compared 
to currently produced cereals. This indicates that the trade-off between profitability 
and risk is at least partially responsible for the demand of a higher profitability in 
mixed stands. These results provide important first insights about the extent of the 
financial incentives that would be necessary to facilitate mixed cropping in German 
agriculture. One lever that will facilitate the acceptance of mixed cropping and re-
duce profitability requirements is reducing the risk associated with the cultivation. 
The paper represents a starting point into further research with respect to farmers’ 
willingness to accept payments for the adoption of mixed cropping.  
Comprehensively, the first three papers in the thesis allow for relevant implications 
to be drawn regarding the possibilities of expanding the cultivation of mixed stands 
in German agriculture. Likewise, each of the studies point to open research ques-
tions which should be addressed in the future. Establishing mixed cropping as a 
regular alternative in the production portfolio of farms will need the involvement of 
several actors along the value chain. The economic calculations show that the gross 
margin of the mixed stand would have to increase above that of the cereal pure stand 
in order to be included into an economically optimized production program. On the 
counterpart, the farmers’ responses show that a group of them would be willing to 
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accept a lower gross margin in the mixed stand compared to the cereal pure stand. 
This group of farmers is a potential target group for an agri-environmental or certi-
fication scheme, as these will demand the lowest financial incentives. Nonetheless, 
the results show that German farmers are willing to adopt mixed cropping and do 
value ecologically beneficial cultivation methods, but the phrase “it is hard to be 
green, when you are in the red” (Richards et al. 2005) seems to be applicable for 
mixed cropping in Germany. The relative competitiveness of mixed cropping has to 
be increased in order to make it an economically viable option for German farmers. 
While the presented papers focus on the farmers, the profitability aspects of mixed 
cropping are also relevant for other actors in the value chain. Plant breeders will not 
focus on breeding adapted varieties for mixed cropping if there is no potential mar-
ket to sell these varieties. Likewise, actors in the downstream value chain will not 
invest in technologies to process mixed yields, if the expected returns are low. Thus, 
involving stakeholders along the value chain in order to overcome the technological 
lock-in will be of particular relevance, like Meynard et al. (2018) and Mawois et al. 
(2019) also emphasize for the legume production. 
Future research could for instance use choice experiments to assess possibilities of 
different agri-environmental or certification schemes to facilitate mixed cropping 
and elicit WTA values for different options and attributes. Assessing possibilities to 
reduce risk, for instance by decoupling incentives from the produced marketable 
output in mixed stands, could be one way to reduce compensation requirements by 
farmers. The limited availability of practical information is another risk factor that 
can be addressed. Further, it will be important to reduce ambiguity when it comes 
the formulation of political or potential certification restrictions, as the communica-
tion between different stakeholders can be peculiar for mixed cropping as discussed 
in Chapter 3.  
The fourth and last paper (Chapter 5) included in this thesis diverts from the topic 
of mixed cropping. While mixed cropping is a specialized production method that 
can contribute towards a more ecologically beneficial production, multiple possibil-
ities to facilitate sustainability in agriculture exist. Another possibility to reduce neg-
ative environmental impacts of agricultural crop production is the application of 
new technologies. In particular, the presented paper focuses on the use of crop pro-
tection smartphone apps as a decision support tool for farmers. Applying the 
UTAUT (Venkatesh et al. 2003) based on a survey with 207 German farmers, the 
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paper studies which behavioral factors influence the decision to use a smartphone 
crop protection app. The estimated Partial Least Squares Structural Equation Model 
can explain 73% of the farmers’ intention to use such an app. The effect of “Facilitat-
ing Conditions” on the “Behavioral Intention” was very small and not statistically 
significant, whereas the effect on the “Adoption” is statistically significant in the 
logit model. This factor was conceptualized with respect to mobile internet coverage 
and the smartphone capabilities. Since crop protection apps can be assumed to be 
used in the field, insufficient mobile internet coverage can restrict the number of 
apps which are usable. For developers this implies that apps should, at least to a 
certain extent, work without a constant internet connection. However, as apps be-
come more complex and real-time access to databases ever more relevant, this also 
indicates that policy makers in Germany should encourage advancing the mobile 
internet coverage in rural areas. An adequate internet connection has also been em-
phasized as a relevant precondition for other precision agriculture technologies (e.g., 
Khanna and Kaur 2019).      
The paper also evaluates which features of crop protection apps farmers perceive as 
useful and which they actually use at the same time. A total of 82% of the farmers 
were aware of specific crop protection apps, but only 71% of those owning a 
smartphone actually use a crop protection app. Apps providing weather infor-
mation, pest scouting and infestation forecasts, and features that allow the docu-
mentation are perceived as useful by a majority of farmers. Therefore, developers 
and providers should focus on further enhancing and improving these types of apps 
or app features. However, the results also show that the usage rates of the individual 
features lag behind their perceived usefulness in many cases. In particular for those 
cases, there is a chance to develop new or improved apps that will facilitate farmers’ 
decision making. To increase the adoption, the results from the estimated UTAUT 
model can be utilized. The benefits from using the app must be directly apparent for 
the farmer when viewing the app in the download store and especially when using 
it. Possibilities to adjust the app to the specific needs of an individual farmer, e.g. 
adapted to their cultivated crops, could also increase the adoption. Further research 
could focus in more detail on how individual app features could be arranged in ac-
cordance with the farmers expectations and app layouts be optimized. As Rose et al. 
(2016) also emphasize involving farmers in the development process will facilitate 
the use of these technologies.      
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Eine Möglichkeit, die Biodiversität in der deutschen Landwirtschaft zu erhöhen, ist der An-
bau von Gemengen. Der simultane Anbau von Leguminosen und Nicht-Leguminosen kann 
unter anderem dazu beitragen, synthetische Stickstoffdüngemittel einzusparen. Diese Form 
des Anbaus ist jedoch derzeit in Deutschland nicht weit verbreitet und die Informationsver-
fügbarkeit aus praktischer Sicht gering. Insbesondere für die Wirtschaftlichkeit verschiede-
ner Gemengekombinationen sind nur sehr limitiert Informationen verfügbar. Vor diesem 
Hintergrund bewertet dieser Beitrag die Wirtschaftlichkeit von Gemengen am Beispiel Win-
terackerbohne und Winterweizen basierend auf den Ergebnissen eines Freilandversuches. 
Die Ergebnisse deuten darauf hin, dass der Gemengeanbau von Winterackerbohne und 
Winterweizen in der durchgeführten Form ökonomisch derzeit nicht wettbewerbsfähig in 
der konventionellen deutschen Landwirtschaft ist. Jedoch scheint der Anbau von Haupt-
fruchtgemengen eher für Standorte mit schlechteren Standorteigenschaften geeignet zu 
sein. Die Ergebnisse der Sensitivitätsanalyse eines gesamtbetrieblichen Optimierungsmo-
dells zeigen, dass die Deckungsbeiträge des Gemenges sogar weit über den Deckungsbei-
trag der derzeit produzierten Getreidereinsaat steigen müssten, um in den ökonomisch op-
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